Summary: Detailed dissection was performed on eight head halves of four rabbits and six head halves of three dogs in order to investigate the nerve distributions to the m. retractor bulbi. Our observations indicated that the muscle was innervated by the branches of the abducens nerve in all sides which were examined in the present study. In addition, we observed that the ventral ramus of the oculomotor nerve gave rise to branches to the m. retractor bulbi in three sides of the rabbits, and in two sides of the dogs, which suggests that the innervation pattern of the muscle is variable even in the identical species. Considering these observations, we propose that the anlage of the m. retractor bulbi is mainly composed of the anlage innervated by the abducens nerve, and occasionally the anlage innervated by the ventral ramus of the oculomotor nerve is added to it, because the anlage of the m. retractor bulbi may be formed near the border region between the anlages innervated by the oculomotor and abducens nerves.
Two major differing patterns of innervation of the retractor bulbi have been reported mainly in two ways. According to Nussbaum (1893) , Corning (1900) , Hopkins (1916) , Cords (1924) , Key-Aberg (1934) , Nishi (1938) and Dyce et al. (1987) , the retractor muscle is innervated only by the abducens nerve. On the other hand, it was emphasized by Du Bois-Reymond (1907), Ellenberger and Baum (1908) , Whitnall (1911) , Winckler (1933) , Mime (1922) , Wild (1994) and Budras et al. (1996) that only small medial part of the retractor muscle in the rats, the cats, and the rabbits is innervated by the branches of the oculomotor nerve, and that the rest of the muscle is innervated by the abducens nerve. The innervation pattern of the retractor bulbi thus remains unclear.
Various shapes of the m. retractor bulbi have been reported in many comparative anatomical studies (e.g. Johnson, 1901; Whitnall, 1911; Smith, 1922; Bradley, 1933; Miller, 1964) . The general shape of the muscle, is either that of a cone or else it consists of four slender slips (Johnson, 1901) .
According to Whitnall (1911) , in pigs, the muscle is generally a conical muscle mass with a single large cleavage for the passage of the optic nerve; in horses and ruminants, two main masses are found; in carnivores, the muscle is divided into four distinct fascicles. However, in those studies, although the structure of the muscle was described in minute detail, the relationship between these muscle structures and the innervation patterns has seldom been discussed.
In humans, who usually have no m. retractor bulbi, aberrant muscle bundles occasionally emerge in the region corresponding to the muscle (Whitnall, 1911; Liidinghausen, 1998 Liidinghausen, , 1999 . Whitnall (1911) reported four muscle fascicles. which were innervated by both the oculomotor and abducens nerves. Liidinghausen (1998 Liidinghausen ( , 1999 reported that the aberrant muscle bundle existed between the m. recti superior and inferior, and that the bundle was innervated by a branch of the oculomotor nerve . These observations suggested that the m. retractor bulbi might be located in the border region between the muscles innervated by the oculomotor and abducens nerves.
In the present study we investigated the innervation of the m. retractor bulbi in detail, the positional relationships between the muscle structure and the supplying nerves, and the distributions of the oculomotor and abducens nerves to other extraocular muscles. We performed the study in rabbits, in which the m. retractor bulbi was reported to be innervated by both branches of the oculomotor and abducens nerves (Du Bois-Reymond, 1907). In addition, we also performed the study in dogs, in order to compare the innervation patterns between the species which have the m. retractor bulbi with different shapes. In the present study, the m. retractor bulbi had a conical shape in rabbits, whereas in dogs it was composed of four slender fascicles. Based on our observations, we consider that the retractor bulbi may be located in the border region between the muscles innervated by the oculomotor and abducens nerves, and the muscle can be innervated either by the abducens nerve or by both the abducens and oculomotor nerves. We discuss the innervation pattern of the m. retractor bulbi in these species, and propose a reasonable model to account for our observations.
Materials and Methods
Eight head halves of four rabbits and six head halves of three dogs fixed in 10% formalin and preserved in 30% alcohol were examined. Firstly, the bony elements of the cranium were removed from the inside. In the course of the dissection, we observed the origins and insertions of the extraocular muscles, and cut off the origin of the muscles from the bony elements. Next we removed the muscles en bloc with their supplying nerves, the branches of the ophthalmic nerve of the trigeminal nerve, and the eyeball. The specimens were then immersed in water for further dissection, and the positional relationships between the extraocular muscles and their supplying nerves were examined. In addition, the intramuscular nerve distributions were investigated in detail. Dissection was carried out under a binocular microscope and the results were recorded by making photographs and sketches.
Results

Rabbits
Origins and insertions of the m. retractor bulbi
The m. retractor bulbi originated from the lateral margin of the optic canal, which was located just medially to the origin of the m. rectus lateralis. Near the origin, the lateral surface of the muscle was adjoined with the medial surface of the m. rectus lateralis, and a small space existed between the medial surface of the muscle and the optic nerve, where the ventral ramus of the oculomotor nerve passed (Fig. 1) . The muscle diverged anteriorly, and inserted into the sclera. The insertion of the muscle was located more deeply than that of the mm. recti. The general shape of the muscle was conical, but the cleavage was observed on the dorsal side of the muscle, where the optic nerve ran (Fig. 1) .
Nerve distributions to the m. retractor bulbi The m. retractor bulbi was innervated by the branches of the abducens nerve in all sides which were examined in the present study. In addition, we observed that the ventral ramus of the oculomotor nerve gave rise to branches to the m. retractor bulbi in three sides. We made the following observations about the course and distributions of these nerves in specimens, in which the muscle was innervated by the branches of both oculomotor and abducens nerves.
The oculomotor nerve left the cranium cavity through the orbital fissure, and entered the cone which was composed of the four recti muscles through the small gap between the mm. rectus dorsalis and lateralis near their origins. In the cone, the nerve was divided into the dorsal and ventral rami. The ventral ramus ran inferiorly and passed through the small space between the optic nerve and the origin of the retractor bulbi, where the supplying branches to the m. retractor bulbi originated from the lateral surface of the ramus. These branches entered the muscle from its medial surface near the origin of the muscle (Figs. 1 and 2).
After leaving through the orbital fissure from the cranium cavity, the abducens nerve ran together with the oculomotor nerve and entered the cone which was composed of four recti muscles through the small gap between the mm. rectus dorsalis and lateralis near their origins. In the cone, the abducens nerve ran between the mm. retractor bulbi and rectus lateralis. The nerve was divided into several branches and entered the mm. retractor bulbi and rectus lateralis from the lateral and medial surfaces, respectively (Figs. 1 and 2).
The intramuscular nerve distributions revealed that in the specimens which had supplying branches of both the abducens and the oculomotor nerves to the m. retractor bulbi, most of the muscle was innervated by the branches of the abducens nerve, and the small medial part of the muscle near its origin by the supplying branch of the oculomotor The dorsal aspect of the eye, the extraocular muscles and their supplying nerves. The mm. recti dorsalis (RD) and lateralis (RL), m. obliquus dorsalis (OD) and m. levator palpebrae superioris (LP) were cut off near their insertions and turned over to show the m. retractor bulbi (RB) and its supplying nerves. The general shape of RB is conical, and the large cleavage is shown in the dorsal side of the muscle, where the optic nerve (H) runs. The origin of RB is located laterally to H, and the ventral ramus of the oculomotor nerve (vr) runs ventrally between RB and II. In this specimen , the muscle is innervated by the branches of vr (asterisk), as well as by the branches of the abducens nerves (VI, star). III, oculomotor nerve; IV, trochlear nerve; VI, abducens nerve; dr, dorsal ramus of the oculomotor nerve; RM. m. rectus medialis.
nerve. No anastomosis was observed in the muscle between the supplying branches of the abducens and the oculomotor nerves (Fig. 2) .
Dogs
Origins and insertions of the m. retractor bulbi The m. retractor bulbi originated from the medial wall of the orbital fissure. The muscle ran anterolaterally, and entered the cone of the four recti muscles through the space between the rectus lateralis and dorsalis near their origins. The initial part of the muscle was located laterally to the optic nerve, and a small space was observed between the muscle and optic nerve, as in rabbits, where the ventral ramus of the oculomotor nerve passed (Fig.  3B) . As the muscle ran anteriorly, the muscle was divided into dorsal and ventral fascicles , which were immediately divided into medial and lateral fascicles. Accordingly, the muscle was divided into four muscle fascicles. These fascicles enclosed the optic nerve, and diverged from one another as they ran to the equator of the eye. They were inserted behind the attachments of the recti muscles , and opposite the intervals between them. Therefore. the m. retractor bulbi appeared as four additional deeply placed recti muscles grouped around the optic nerve (Fig. 3A) .
Nerve distributions to the m. retractor bulbi
The innervation pattern to the m. retractor bulbi in the dogs was basically similar to that observed in rabbits. The m. retractor bulbi was innervated by the branches of the abducens nerve in all sides The oculomotor nerve passed through the orbital fissure and entered the cone of the four recti muscles together with the abducens nerve.
In the cone, the nerve was divided into the dorsal and ventral rami. The ventral ramus ran ventrally through the space between the optic nerve and the retractor bulbi near its origin, where the ramus sent a branch to the muscle in two sides. The supplying branch entered the muscle from its medial surface near the origin, where the muscle was not divided into fascicles (Figs. 3B and 4) . The abducens nerve emerged from the orbital fissure. The nerve ran through the gap between the A B mm. rectus dorsalis and lateralis together with the oculomotor nerve, and entered the cone of the four recti muscles. In the fissure, the nerve was located dorsally to the origin of the m. retractor bulbi, and as the nerve ran anterolaterally and slightly ventrally, the nerve was located laterally to the muscle in the cone. The branches to the m. retractor bulbi originated from the medial surface of the abducens nerve. The entrances of the branches to the muscle were located in the muscle parts where the muscle was not divided into fascicles near the origin, or where the muscle was divided into the dorsal and ventral fascicles. All supplying branches entered the muscle from its lateral surface (Figs. 3 and 4) . The intramuscular nerve distributions revealed that most of the m. retractor bulbi was innervated by the branches of the abducens nerve, and only a small medial part of the muscle by the branches of the oculomotor nerve (Fig. 4) .
Discussion
The innervation of the retractor bulbi is very controversial. The muscle has been reported to be innervated only by the abducens nerve (Nussbaum, 1893; Corning, 1900; Hopkins, 1916 , 1996) . In the present study, we investigated this innervation of the muscle in the rabbil and dog, and found that the muscle was innervatec by the abducens nerve in all cases, and occasionally also by the branches of the ventral ramus of the oculomotor nerve. Our findings suggest that the innervation pattern of the muscle is variable even within a given species.
Various shapes of the m. retractor bulbi have been reported in many comparative anatomical studies (e.g. Johnson, 1901; Whitnall, 1911; Smith, 1922; Bradley, 1933; Key-Aberg, 1934; Miller, 1964) . According to Whitnall (1911) , in pigs, the muscle is generally a conical muscle mass, and there is a single large cleavage for the passage of the optic nerve; in horses and ruminants, the lines of separation of the muscle are unclear, but two main masses are found, while in carnivores the lines of separation of the muscle are seen clearly dividing the muscle into four distinct fascicles. In rabbits, KeyAberg (1934) reported that the m. retractor bulbi was conical with a single large cleavage on its dorsal side. Miller (1964) described that the muscle in dogs was composed of four slender fascicles. In the present study, the general shapes of the muscle in rabbits and dogs were very similar to the observations described by Key-Aberg (1934) and Miller (1964) , respectively. Although differences were observed in the shape of the muscle between these species, there were some curious similarities in the positional relationships between the muscle and its supplying nerves. In both rabbits and dogs, the muscle was located between the ventral ramus of the former studies (Gilbert 1947) . The muscle anlages innervated by the oculomotor (III) and abducens (VI) nerves are indicated by gray and white areas, respectively. A) Initial stage. The muscle anlage innervated by III is located just caudally to the optic nerve (H), and the anlage innervated by VI is located more caudally than the anlage of the oculomotor musculature. The anlage innervated by III is going to migrate to be divided into dorsal and ventral parts in following stage. The direction of the migration of the anlage is indicated by black large arrows. B) Transitional stage. The anlages are separated into several parts (Parts 1 to 4). RB is derived from Part 2. Part 2 is mainly derived from the anlage innervated by VI, and occasionally the anlage innervated by the ventral ramus of the oculomotor nerve (vr) is added to it, because Part 2 is formed near the border region between the anlages innervated by III and VI. In the course of development, RB migrates and encloses II. The direction of the migration of the anlage is indicated by grey large arrows. The m. rectus lateralis (RL) is derived from Part 1. The m. rectus dorsalis (RD) and m. levator palpebrae superioris (LP) are derived from Part 3 which is innervated by the dorsal ramus of the oculomotor nerve (dr). The mm. recti ventralis (RV ) and medialis (RM) and m. obliquus ventralis (OV) are derived from Part 4 which is innervated by the ventral ramus of the oculomotor nerve (vr). C) Definitive stage. RB is located inside of the cone which is composed of the four recti muscles. In rabbits, the shape of RB is conical, and the cleavage, through which II passes, is present in the dorsal side of the muscle. In dogs, RB is divided into four fascicles. However the shape of the muscle might change, it is considered that the positional relationships between the supplying nerves and the muscle might be consistent.
the oculomotor nerve and the abducens nerve. In addition, the supplying branch of the oculomotor and abducens nerves entered the muscle from the medial and lateral surfaces, respectively. Therefore, although the morphology of the muscle was different between these species, the innervation pattern of the muscle was very similar in these species.
In humans, who usually have no m. retractor bulbi, an aberrant muscle bundle occasionally emerges in the region corresponding to this muscle (Whitnall, 1911; Liidinghausen, 1998 Liidinghausen, , 1999 . Whitnall (1911) reported four muscle fascicles which were innervated by both the oculomotor and abducens nerves. Liidinghausen (1998 Liidinghausen ( , 1999 reported that the aberrant muscle bundle existed between the m. recti superior and inferior, and that the bundle was innervated by the branch of the oculomotor nerve. Therefore, the muscle bundles which are located in the region corresponding to the m. retractor bulbi may be derived from both/either anlages innervated by the oculomotor and/or abducens nerves, or from the anlage innervated by the oculomotor nerve in humans.
Several variations about the distribution patterns of the oculomotor and abducens nerves in humans have been reported (Bergman et al., 1988) . Either the superior or inferior rami of the oculomotor nerve may give rise to a branch that supplies the lateral rectus muscle. In addition, a branch of the oculomotor nerve may supply the m. rectus lateralis, replacing its usual supply from the abducens nerve. On the other hand, the abducens nerve occasionally furnishes a branch to the m. rectus superioris (Bergman et al., 1988) . These variations suggest that the derivations of these extraocular muscles may fluctuate between the anlages innervated by the oculomotor and the abducens nerves. Therefore, sometimes the complex muscles innervated by both of these nerves may be formed, or the reversal of the distribution of these nerves may occur. Fig. 5 shows a possible model based on our observations and previous developmental studies (Gilbert, 1947) . According to Gilbert (1947) , in the initial stage, the muscle anlage innervated by the oculomotor nerve is located just caudally to the optic nerve, and the anlage innervated by the abducens nerve is located more caudally than the anlage of the oculomotor musculature (Fig. 5A) . The m. retractor bulbi is mainly derived from the common anlage of the abducens musculature. In addition, the muscle anlage innervated by the ventral ramus of the oculomotor nerve is occasionally added to the former anlage, and a complex muscle may thus be formed, because the anlage of the m. retractor bulbi is located near the border region between the anlages innervated by the oculomotor and abducens nerves (Fig. 5B) . In the course of development, the anlage proliferates and encloses the optic nerve from the caudal direction inside the cone of the four rectus muscles, and the shape of the muscle becomes conical, as we observed in rabbits (Fig. 5C) . Gilbert (1947) reported that the shape of muscle in cats is conical at early developmental stages, and gradually becomes composed of four muscle fascicles as development proceeds. Therefore, the shape of the muscle may change secondarily, and various shapes may thus be observed. However the muscle shape changes, it appears that the positional relationships between the supplying nerves and the muscle are generally consistent.
